This paper describes the development of a highly stereoselective N-acyliminium cyclization protocol for the construction of a range of non-racemic heterocyclic templates. Due to the nature of this review, we have focused primarily on developments made within our own research group, but have included relevant and noteworthy contributions in the same area from others, most notably the research groups of Amat, Bosch and Lete. As a result, we apologize in advance for the omission of much excellent work carried out by many other talented researchers in this field.
Cyclization of Benzenoid Nucleophiles -An Introduction
The reactions of N-acyliminium ions with tethered π-nucleophiles have proved a most versatile and important tool for the construction of complex nitrogen-containing heterocycles. An early example of this kind of process for ring synthesis was reported by Von Braun et al. [1] whilst investigating the ring closure of sulphonamide glycine derivatives through an AlCl 3 catalyzed decarbonylation sequence (Scheme 1).
Scheme 1.
A major breakthrough in the synthetic application of intramolecular amidoalkylations occurred in the early 1950s, when the reaction was applied in alkaloid synthesis [2] . Interest in this field was stimulated by the pioneering work of both Belleau [3] and Mondon [4] on the synthesis of Erythrina alkaloids by ring closure of N-acyliminium ions 1a (R 1 = O, R 2 = H 2 ) and 1b (R 1 = H 2 , R 2 = O).
1.1
Asymmetric synthesis of the pyrroloisoquinoline ring system: The majority of naturally occurring Erythrina alkaloids possess the common tetracyclic framework and substitution pattern of 2. Whilst asymmetric approaches to erythrinanes are highlighted elsewhere in this review, we should perhaps consider the development of routes to the parent pyrroloisoquinoline ring system 3, contained within the core of the more complex erythrinane targets, as an introduction to recent developments in the area. The pyrroloisoquinoline system 3 has received significant interest in recent years. For example, Katritzky has noted three major routes for the synthesis of such systems, as outlined in Scheme 2 [5] . Route A involves carbon-nitrogen bond formation via reduction of the intermediate 4, obtained by the 1,3 cycloaddition of nitrones such as 5 with electron deficient alkenes. Burdisso et al. have extensively explored this method with their studies into the steric interactions of nitrone cycloadditions with ethylenes [6] , whilst Huisgen and Seidl have investigated reactions with various acetylenes to generate functionalized pyrroloisoquinolines [7] . Orito et al. reported the synthesis of these templates by intramolecular condensation of intermediate 6 with the elimination of water (route B) [8] . Katritzky et al. established novel methodology by utilizing route C, which involved cyclization of an N-acyliminium cation 7 generated by loss of a benzotriazolyl anion from 8a in the presence of titanium tetrachloride [5] . Other research groups have explored this route, involving carbon-carbon bond formation from cyclization of N-acyliminium ions generated by protonation of an enamide (8b) [9] or by elimination of a hydroxy (8c) [10] ethoxy 8d [11] or phenylthio group 8e [12] .
Scheme 4
Padwa et al. have recently reported the application of alkylthio-substituted five-membered lactams (10) by treatment of amido-substituted thioacetals (9) with dimethyl(methylthio)sulfonium tetrafluoroborate (DMTSF), as shown in Scheme 3 [13] .
Lactams such as 10 are formed as transient intermediates, and upon further reaction with DMTSF, generate an N-acyliminium ion (11) that undergoes subsequent cyclization with the tethered aromatic ring to produce the racemic pyrroloisoquinoline template 12.
Our own research group has reported a novel and highly stereoselective approach in which the key step involved is an asymmetric N-acyliminium-mediated cyclization [14] . Treatment of the bicyclic lactam 13 with the Lewis acid activator titanium tetrachloride at -10˚C in dichloromethane gave the target pyrroloisoquinoline ring system 15 as a single diastereoisomer, with effective inversion of stereochemistry at the newly formed chiral centre. It is presumed that the cyclization to yield the product 15 proceeds via the N-acyliminium ion intermediate 14.
Related methods include the stereoselective synthesis of pyrroloisoquinolines by Lete et al via a tandem organolithium addition/N-acyliminium ion cyclization (Scheme 5) [15] .
Asymmetric synthesis of crispine A:
The pyrroloisoquinoline alkaloid (+)-crispine A (19) , isolated in 2002 from Carduus crispus by Zhao and co-workers, shows important biological activity against SKOV3, KB and HeLa human cancer cell lines [16] . To date, syntheses of racemic crispine A have been achieved by Knolker and Agarwal [17] , Meyer and Opatz [18] , and more recently by King [19] . The first enantioselective synthesis of this alkaloid was reported by Czarnocki and co-workers, based on the use of asymmetric transfer hydrogenation as a key synthetic step [20] .
Our own approach to crispine A began with the synthesis of imide 20, prepared, as previously reported, from (2S)-2-amino-3-(3,4-dimethoxyphenyl)propan-1-ol and succinic anhydride [21] . Subjecting imide 20 to sodium borohydride reduction, as described in Scheme 6, resulted in direct and highly diastereoselective cyclization to give tricyclic lactam 21, as a single diastereoisomer (as determined by 400 MHz 1 H NMR spectroscopy), in excellent yield (91%). Presumably, under the acidic reaction conditions, the electron rich methoxysubstituted aryl ring is able to cyclize onto the Nacyliminium intermediate that is generated in situ.
We have been able to confirm the relative stereochemistry of this advanced intermediate by single crystal X-ray analysis. The relative stereochemistry observed in product 21 is, as expected, based on the conformational models previously proposed by our group to rationalize such highly diastereoselective cyclization reactions onto Nacyliminium intermediates [22] .
To complete the total synthesis of crispine A, we applied a Rh-induced decarbonylation sequence that was previously applied by us in our work on the Erythrina alkaloid series [23] . Compound 21 was oxidized to aldehyde 22 in good yield using IBX in ethyl acetate, followed by Rh-induced decarbonylation. Amide 23 was transformed into the target, (R)-(+)-crispine A (19) , in 58% yield by LAH reduction in THF (Scheme 7), and was shown to have an e.e. of 95% by 1 H NMR chiral shift experiments.
An approach towards the stereoselective synthesis of Erythrina alkaloids:
As noted at the outset of this review, the genus Erythrina is common in tropical and sub-tropical regions and the alkaloids have been used in indigenous medicine [24] . Members of the Erythrina family have shown curarelike and hypnotic activity, and a number of pharmacological effects including sedative, hypotensive, neuromuscular blocking and central nervous system activity have been associated with tetracyclic template 24. Examples of the Erythrina group of natural products include (-)-3demethoxyerythra-tidinone (25) , erysotramidine (26) and erythraline (27) . Recently, we have extended our N-acyliminium cyclization methodology to address the construction of a key tetracyclic ring system of the Erythrina alkaloids, and have reported a novel approach to target 30 in a highly stereoselective manner (Scheme 8) [25] .
The formation of the required tricyclic lactam 29 was achieved by condensation of an appropriate βaminoalcohol (28) with the required ketoacid substrate under Dean-Stark conditions leading to 29 in 63% yield. Treatment of this lactam with an excess of titanium tetrachloride at low temperature produced the key tetracyclic product 30, with concomitant deprotection of the ketal protecting group, in 92% yield and with excellent diastereoselectivity.
Removal of the pendent hydroxymethyl auxiliary from template 30 was achieved in a three-step procedure by initial oxidation of the primary alcohol with Dess-Martin periodinane to provide aldehyde 31 (Scheme 9). The amidoketone 32 was then accessed by a rhodium-catalyzed decarbonylation protocol, yielding initially the corresponding enamide. Subsequent enamide reduction was achieved by catalytic hydrogenation to give enantiomerically pure target 32.
Our formal asymmetric synthesis of (-)-3demethoxyerythratidinone (25) , the natural enantiomer isolated from Erythrina lithosperman in 1973 by Barton and co-workers, [26] was completed by re-protection of the ketone functionality using ethylene glycol to give known intermediate 33, which had previously been converted by others to the natural product, (-)-3-demethoxyerythratidinone, in a four-step sequence [27] . 
Stereoselective synthesis of benzoquinolizidine derivatives
The benzo[a]quinolizidine class of Alangium alkaloids are based on a fused tricyclic tetrahydroisoquinoline core 34 comprised of benzyl and piperidine subunits with 3,4-disubstitution at the piperidine ring C.
The potential of benzyl-containing 5,6-bicyclic lactams derived from non-racemic amino alcohols as precursors of functionalized benzo[a]quinolizidine alkaloids has yet to be fully explored. Protoemetinol 35 is an attractive synthetic target primarily due to its biological activity [28] , but also as a synthetic unit for access to related alkaloids 37 and 38. Protoemetinol and one of its analogues, ankorine (36) , display potent anti-inflammatory properties. Such characteristics offer scope for the treatment of chronic inflammatory diseases such as tuberculosis and rheumatoid arthritis. These alkaloids have been traditionally employed in a medicinal herb in China and can be extracted from the leaves of Alangium lamarckii [29] . Psychotrine 37 and O-methylpsychotrine 38 have been demonstrated clinically to be potent inhibitors of the HIV transcriptase enzyme [30] . Both alkaloids can be extracted from species within the family Alangiaceae. Alangine (39), a recently isolated natural product also from A. lamarckii differs stereochemically from compounds 35-38 in that it has trans relative stereochemistry at positions 2 and 11b [31] .
(+)-Tetrabenazine (40), used clinically for the management of movement disorders, functions to deplete brain mono-amine levels via inhibition of the vesicular monoamine transporter type 2 (VMAT2) [32] . In humans, tetrabenazine is rapidly and extensively metabolized by reduction of the 2-keto group, producing reduced dihydrotetrabenazine derivatives, such as 41. Alcohols such as this also have high in vitro affinity for VMAT2, and are likely to be the pharmacologically active agents in the mammalian brain [33] .
During the course of our research, we envisaged that a suitably substituted bicyclic lactam, such as an Nacyliminium precursor, could act as a precursor for the tetrahydroisoquinoline core 42 of these heterocyclic targets. This approach again involved the introduction of asymmetry during the key ringforming step via an N-acyliminium intermediate (Scheme 10).
Scheme 10
Synthesis of the desired bicyclic lactam through Dean-Stark condensation of the appropriate amino alcohol with methyl 5-oxopentanoate followed our usual method. Separation of the individual lactam diastereoisomers, and subsequent cyclization of the individual lactam diastereoisomers, upon treatment with titanium tetrachloride produced, exclusively, the same trans-product 42 in both cases, providing further evidence to support the proposed mechanism involving a planar N-acyliminium intermediate [34] .
In collaboration with Amat and Bosch, our teams have also developed an entry to functionalized benzoquinolizidine derivatives that allows the efficient preparation of targets with complementary relative stereochemistries [35] . The first approach is through conjugate addition to an α,β-unsaturated tetrahydroisoquinoline substrate 45 (Scheme 11).
Removal of the hydroxymethyl substituent present in the tetrahydroisoquinoline skeleton 43 was accomplished in four steps via the acylselenide, followed by radical induced decarbonylation (Scheme 11). Treatment of 44 with lithium diisopropylamine and phenylselenylbromide, followed by oxidative elimination, generated the α,βunsaturated substrate 45, which underwent conjugate addition with vinylmagnesium bromide to form the desired product, exclusively as the transdiastereoisomer 46; this possesses relative stereochemistry that is observed in the natural product series exemplified by alangine (39) .
The alternative, yet complementary, route incorporates appropriate ring functionality at an earlier stage, involving the stereoselective cyclocondensation of a chiral amino alcohol 47 with a prochiral glutarate, as shown in Scheme 12 [36] . This approach led to the formation of separable functionalized bicyclic lactams 48a/b. The major isomer (48b), on treatment with Gaskell et al.
Scheme 12
Titanium tetrachloride, gave exclusively the benzoquinolizidine derivative 49 displaying cis relative stereochemistry, as required in targets such as protoemetinol (35) .
Stereoselective synthesis of indole alkaloids through asymmetric cyclization

Scheme 13
The synthesis of yohimbine by Van Tamelen et al. [37] , which incorporated a critical acid-catalyzed ring closure of the N-acyliminium ion 50 was a notable early example of the power of N-acyliminium cyclization methodology in total synthesis. The reaction proceeded remarkably easily, thus highlighting the activity of an electron rich aromatic pyrrole ring in such cyclisations.
Indole cyclizations onto an intermediate Nacyliminium ion have also been used in the synthesis of many other indole alkaloids. The highly reactive nature of the indole π-nucleophile makes this category of reaction stand out as a unique collection of illustrative examples. The synthesis of tetrahydro[12H]pyrroloazepinoindole, as reported by Wawzonek and Maynard [38] , was facilitated by a key cyclization of this type. The hydroxylactam precursor 51 was subjected to acid activation in order to generate the N-acyliminium ion 52, which gave direct access to the tetracyclic product 53 via an intramolecular cyclization (Scheme 13).
Asymmetric synthesis of the indolo[2,3a]quinolizine ring system:
The indolo[2,3a]quinolizine ring system 54 is of great interest since this heterocyclic skeleton is found within a plethora of highly bioactive indole alkaloids, including geissoschizine 55 [39] , vellosimine 56 [40] , and ajmalicine 57 [41] .
Recent approaches to the construction of this heterocyclic target system by other groups have included the diastereoselective vinylogous Mannich reaction [42] , Bischler-Napieralski reaction [43] , Fischer indole synthesis [44] , and the asymmetric Pictet-Spengler reaction [45] . We have also contributed to this area and have recently developed a highly stereoselective synthesis of the indolo[2,3a]quinolizine ring system 54, based on the general approach detailed in this review. room temperature for 20 hours gave an excellent yield of 95% of the expected trans product 60, as a single diastereoisomer [46] .
From 60, a key enantiomerically pure building block 61 is readily generated which, due to the presence of the lactam carbonyl, can then allow for several avenues of functionalization en route to natural product targets (for examples see Scheme 15) .
Route A proceeds via enolate formation at the lactam carbonyl to introduce an ethylidene substituent at the 3-position via a three-step aldol/elimination procedure. This has been applied by us in the total asymmetric synthesis of (R)-(+)-deplancheine (62), an alkaloid isolated from the New Caledonian plant Alstonia deplanchei, with an e.e. >95% [47] .
Alternatively, the introduction of α,β-unsaturation to give 63 allows functionalization of the β-position via Michael addition chemistry, as demonstrated in route B with our asymmetric synthesis of the indole alkaloid derivative (+)-12b-epidevinylantirhine 65 [48] . Upon addition of lithiated methyl 1,3dithiolane-2-carboxylate to substrate 63, exclusive formation of a single diastereoisomer of the addition product 64 was observed in 47% yield. Further transformation involving desulfurisation, deprotection and reduction completed the synthesis of the desired target 65 displaying cis relative stereochemistry at positions 2 and 12b. Our studies also provided a route for the complementary synthesis of the trans isomers of the addition products, through judicious choice of N-protection on indoles such as 63 [48] . Harmicine has previously been prepared in racemic form by Knolker and Agarwal [50] and an asymmetric route to (S)-ent-harmicine was achieved by Ohsawa and co-workers, establishing that the absolute configuration of the naturally occurring compound was R [51] .
Our asymmetric approach [52] to harmicine began with the synthesis of imide 67, prepared from the βaminoalcohol derivative of (S)-tryptophan. Subjecting imide 67 to sodium borohydride reduction, as described in Scheme 16, resulted in direct and highly diastereoselective cyclization to give the indolizidino [8,7-b] indole derivative 68 as a 9:1 mixture of diastereoisomers in 43% yield (Scheme 16). The major isomer was isolated by recrystallization from ethanol and its relative stereochemistry was confirmed by X-ray crystallographic analysis. Presumably, under the acidic reaction conditions, the electron-rich indole moiety is able to cyclize onto the N-acyliminium intermediate that is generated in situ.
The stereochemical outcome of the reaction can be rationalized based on the usual models proposed by our group for similar types of substrates. The high degree of stereocontrol arises from a preferred conformation, shown in Scheme 16, having minimal A (1, 3) strain between the H-atom at the stereogenic centre of the tryptophanol moiety and the lactam carbonyl group in the transition state.
Previous methods applied within our group to remove the hydroxymethyl "auxiliary" substituent from other heterocyclic templates have involved a rhodiuminduced decarbonylation sequence. Due to the rather long reaction times generally needed for substrates during this decarbonylation protocol we applied a more facile approach in the synthesis of harmicine that relies upon a decarboxylation strategy (Scheme 17). Compound 68 was oxidized to the carboxylic acid derivative 69 through the corresponding aldehyde; from 69 we generated the acyl selenide derivative and subsequently performed a tin-mediated deacylation to yield the core indolizidino [8,7b] indole ring system 70. Deprotection of the indole nitrogen gave 71, from which reductive removal of the lactam carbonyl group completed the synthesis of the natural product, 66, (R)-(+)-harmicine, in 80% yield by LAH reduction in THF (Scheme 17) [49] .
Towards the manadomanzamine alkaloids
Since the mid-1980s there has been a dramatic reemergence of cases of tuberculosis around the world, with the WHO estimating that one-third of the world's population is currently infected, with 3.1 million deaths annually [53] . The rapidly increasing threat posed by tuberculosis globally, particularly to women, adolescents and AIDS victims, has stimulated a renewal of interest in discovering novel anti-tuberculosis agents.
In 2003, Hamann and co-workers identified two novel manzamine based alkaloids as potential marine-derived anti-infective leads [54] . Indeed, both manadomanzamine A (72) and manadomanzamine B (73), isolable from the Indonesian sponge Acanthostrongylophora sp, exhibit significant activity against Mycobacterium tuberculosis (Mtb). Impressive MIC values of 1.9 and 1.5 µg/mL were attained for these alkaloids, respectively, and significant activities against both human immunodeficiency virus (HIV-1) and AIDS opportunistic infections (OIs) were also documented. Fractional crystallization of the crude lactams afforded a 60% yield of two trans epimers assigned as 75a and 75a. Reduction of these lactams gave the trans series of inside yohimbanes 76a and 76b. An equivalent retrosynthetic principle was applied in our own asymmetric approach to the manadomanzamine core. [56] Bi-functional substrate 79 was prepared using a procedure previously employed by Cook and co-workers [57] whereby ketones are homologated through Wittig functionalization and subsequent hydrolysis to yield the corresponding aldehyde (Scheme 19).
Commercially available ketone (77) was converted to the corresponding enol ether (78) in 64% yield using methyltriphenylphosphonium chloride (2 eq) and potassium tert-butoxide (3 eq). Subsequent treatment with 2N HCl served the dual purpose of ester and vinyl ether hydrolysis to furnish 79 as a mixture of cis and trans isomers (1:3) in quantitative yield.
4.2
Stereochemical outcome of the cyclocondensation reactions: Bosch and Amat have investigated the use of racemic multi-functional aldehyde substrates in stereoselective condensation reactions in some detail [58] . In a similar fashion, aldehyde 79, a racemate, and (S)-tryptophanol were subjected to the standard Dean-Stark conditions in toluene for 24 h to give a 1:1 mixture of two readily separable diastereoisomers 80a/b in 69% overall yield (Scheme 20).
Scheme 20
The relative stereochemistry of 80a was determined by NOE studies, as summarized in Figure 1 . The protons at ring positions 1 and 24 give a positive NOE to each other while neither gives an NOE to the proton at ring position 10. Further confirmation of the relative trans stereochemistry across the ring junction C-10 to C-24 is provided via the positive NOE interaction between the proton at C-1 and the proton of known stereochemistry from the (S)-tryptophanol moiety.
Crucially, diastereoisomer 80a has both the relative and absolute stereochemistry that matches that of the manadomanzamine natural products at the C-10 and C-24 positions. At this point, the stereochemistry revealed at the C-1 position has no real significance as it is this chiral hemiaminal centre that is lost during formation of a planar iminium species in the key N-acyliminium-mediated cyclization step. The relative stereochemistry of the second diastereoisomer 80b was elucidated by X-ray crystallographic analysis and this isomer, although not of significant interest for the synthesis of the relative stereochemistry of the second diastereoisomer 80b was elucidated by X-ray crystallographic analysis and this isomer, although not of significant interest for the synthesis of the manadomanzamine natural products, may prove useful in future analogue generation studies ( Figure 2) .
In order to rationalize the stereochemical outcome of each cyclocondensation, the formation of hemiaminal intermediates 81a and 81b from each individual enantiomer of aldehyde 79 was considered (Scheme 21).
In each case a trans decalin-like conformation is adopted in the intermediate, with an all-equatorial substitution pattern. These favored arrangements serve to minimize diaxial interactions, with the H-atom at the hemiaminal centre for both 81a and 81b assuming an axial orientation prior to irreversible lactamization. gives a positive NOE to the proton at position 24. Neither of protons 1 nor 24 gives a positive NOE to the proton at ring position 10.
Again, we propose that the stereocontrol observed arises from conformation 83a (Figure 3) , which would allow for minimal A (1, 3) strain between the lactam carbonyl group and the H-atom at the stereogenic centre of the tryptophanol moiety. The indolyl nucleus subsequently attacks from a proequatorial orientation leading to a seemingly preferred axial positioning of all three H-atoms at the three contiguous chiral centers C-1, 10 and 24.
Identical conditions to those described for the cyclization of 80a were applied to lactam substrate 80b, having the desired trans relative stereochemistry at the ring junction (C-10,C-24), but not the correct absolute stereochemistry. Cyclization proceeded cleanly to give a comparable yield of a single diastereoisomer, as illustrated in Scheme 23.
Scheme 23
Figure 4
In this instance NOE studies led to the stereochemical assignment of 82b, as protons at the 1 and 10 positions of the ring give a positive NOE to each other. The hydroxymethyl group also gives a positive NOE to the proton at the 1 position but no signal enhancement of either H-1 or H-10 was observed when irradiating the H-24 signal, and viceversa.
In order to explain this stereochemical outcome, the transition state must proceed via pro-axial attack onto the N-acyliminium ion (Figure 4 ). Despite this requirement, the preferred conformation 84b is adopted in order to minimize the A (1, 3) strain between the H-atom at the stereogenic center of the tryptophanol moiety and the lactam carbonyl group.
Concluding remarks
In this review we set out to describe the development of a powerful approach for the asymmetric construction of heterocyclic targets of interest and significance in natural product chemistry. The use of appropriate enantiomerically pure β-aminoalcohols as both the source of the aromatic core of the targets, but also as the chiral auxiliary, adds efficiency to this approach. It is notable that the focus is now beginning to shift to the exciting possibility of asymmetric organocatalytic control of such cyclizations, as pioneered by the group of Jacobsen [59] .
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